
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



European Journal of Medicinal Chemistry 252 (2023) 115272

Available online 13 March 2023
0223-5234/© 2023 Elsevier Masson SAS. All rights reserved.

Research paper 

Repurposing 1,2,4-oxadiazoles as SARS-CoV-2 PLpro inhibitors and 
investigation of their possible viral entry blockade potential 

Mohammed Salah Ayoup a,*, Mariam M. ElShafey a, Hamida Abdel-Hamid a, Doaa A. Ghareeb b, 
Marwa M. Abu-Serie c, Lamia A. Heikal d, Mohamed Teleb e 

a Department of Chemistry, Faculty of Science, Alexandria University, Alexandria, 21321, Egypt 
b Bio‑screening and preclinical trial lab, Biochemistry Department, Faculty of Science, Alexandria University, P.O. Box 21511, Alexandria, Egypt 
c Medical Biotechnology Department, Genetic Engineering and Biotechnology Research Institute, City of Scientific Research and Technological Applications (SRTA-City), 
Egypt 
d Department of Pharmaceutics, Faculty of Pharmacy, Alexandria University, Alexandria, 21521, Egypt 
e Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Alexandria University, Alexandria, 21521, Egypt   

A R T I C L E  I N F O   

Keywords: 
SARS-CoV-2 
PLpro 
Spike RBD 
1,2,4-Oxadiazole 

A B S T R A C T   

Although vaccines are obviously mitigating the COVID-19 pandemic diffusion, efficient complementary antiviral 
agents are urgently needed to combat SARS-CoV-2. The viral papain-like protease (PLpro) is a promising ther
apeutic target being one of only two essential proteases crucial for viral replication. Nevertheless, it dysregulates 
the host immune sensing response. Here we report repositioning of the privileged 1,2,4-oxadiazole scaffold as 
promising SARS-CoV-2 PLpro inhibitor with potential viral entry inhibition profile. The design strategy relied on 
mimicking the general structural features of the lead benzamide PLpro inhibitor GRL0617 with isosteric 
replacement of its pharmacophoric amide backbone by 1,2,4-oxadiazole core. Inspired by the multitarget anti
viral agents, the substitution pattern was rationalized to tune the scaffold’s potency against other additional viral 
targets, especially the spike receptor binding domain (RBD) that is responsible for the viral invasion. The 
Adopted facial synthetic protocol allowed easy access to various rationally substituted derivatives. Among the 
evaluated series, the 2-[5-(pyridin-4-yl)-1,2,4-oxadiazol-3-yl]aniline (5) displayed the most balanced dual 
inhibitory potential against SARS-CoV-2 PLpro (IC50=7.197 μM) and spike protein RBD (IC50 = 8.673 μM), with 
acceptable ligand efficiency metrics, practical LogP (3.8) and safety profile on Wi-38 (CC50 = 51.78 μM) and LT- 
A549 (CC50 = 45.77 μM) lung cells. Docking simulations declared the possible structural determinants of ac
tivities and enriched the SAR data for further optimization studies.   

1. Introduction 

SARS-CoV-2 continues to spread worldwide despite the global 
vaccination campaign exceeding 11 billion administered doses [1]. 
While vaccines are considered the central pillar of our efforts to fight 
against COVID-19 pandemic [2], small-molecule antiviral agents should 
maintain a complementary therapeutic approach [3]. Since the early 
stages of COVID-19 pandemic, various drug discovery pipelines were 
deployed to identify chemical entities inhibiting SARS-CoV-2, its etio
logic agent. Several viral proteins have been validated as druggable 
therapeutic targets [4–6]. Of which, the main protease (Mpro), the 
RNA-dependent RNA polymerase (RdRp), and the Papain-like protease 
(PLpro), have received significant attention. Accordingly, Pfizer have 

developed the Mpro inhibitor nirmatrelvir [7]. Simultaneously, Merck 
developed molnupiravir, targeting the RdRp [8], another 
small-molecule anti-COVID-19 agent. Despite these groundbreaking 
therapeutic options, subsequent studies showed that these antiviral 
agents demonstrated subpar pharmacological properties [9,10]. 
Although the viral Mpro and RdRp have been well studied, there is an 
eager need to investigate the other potential SARS-CoV-2 constituents 
such as the PLpro, especially in case of Mpro or RdRp develops resistant 
mutations under the current therapeutic pressure [11,12]. Most 
recently, SARS-CoV-2 resistance to nirmatrelvir has been reported via 
multiple pathways [13]. Several drug resistant hot spots were identified 
due to mutations impacting the conformational stability of the active 
site [14].Such mutations observed could form a strong foundation to 
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inform the design of next-generation protease inhibitors. It is worth 
mentioning that several updated reviews highlighted the major 
achievements in structure-based design and high-throughput screening 
of lead SARS-CoV-2 PLpro inhibitors [15–17]. It is expected that po
tential PLpro inhibitors combined with other directed antiviral agents 
will present viable therapeutic option to surmount the COVID-19 drug 
resistance [18] based on lessons learned from synergistic antiviral 
cocktails effective against numerous viruses such as HIV [19]. Conse
quently, interest in PLpro has obviously grown as the next major 
SARS-CoV-2 therapeutic target. 

Several studies showed that SARS-CoV-2 PLpro suppresses the host 
innate immune responses and process the viral polyproteins ensuring 
viral proliferation and replication [20]. Mechanistically, PLpro is char
acterized by deISGylating and deubiquitinating activities [21] that in
terferes with the release of necessary interferons to upregulate the 
antiviral cytokines production and instigate the host immune responses 
[22]. Substantial SARS-CoV-2-related mortality is associated with 
cytokine storms that arise from these dysregulated responses [23]. 
PLpro also cleaves the SARS-CoV-2 polyproteins into nonstructural 
proteins that are required for virus replication and RNA transcription 
[24]. This dual role relies on the enzymatic binding capacity to both the 

host and viral proteins via its active site. Therefore, developing 
small-molecules that block PLpro active site should effectively inhibit 
the enzyme in a ‘two birds, one stone’ scenario [25]; restoring the nat
ural host defense mechanism and blocking the viral replication. One of 
the most studied lead SARS-CoV-2 PLpro inhibitors is GRL0617, a 
noncovalent binder that was previously developed for SARS-CoV-1 
PLpro in 2008 [26]. Due to the fact that both PLpro from SARS-CoV-1 
and SARS-CoV-2 share several structural features, GRL0617 unsurpris
ingly maintained its inhibitory potency against SARS-CoV-2 PLpro with 
low range micromolar IC50 [21]. Crystallization of SARS-CoV PLpro 
with GRL0617 revealed that key viral residues and the structural de
terminants of inhibitor’s activity [26,27]. The scaffold of GRL0617 thus 
represented a challenging starting point for further optimization studies 
and encouraged several design strategies to seek out new PLpro hits 
[28]. Many GRL0617 analogs have been introduced (Fig. 1), even 
though no inhibitor has been approved by the FDA. Osipiuk et al. re
ported a series of GRL0617 analogs [29]. However, none of them sur
passed GRL0617. Later, Ma et al. succeeded to develop two inhibitors, 
Jun9-13-7 and Jun9-13-9, equipotent to GRL0617 [30]. Interestingly, 
further optimization studies afforded Jun9-72-2 (IC50 = 0.67 μM) and 
Jun9-75-4 (IC50 = 0.62 μM) with higher potency compared to GRL0617. 

Fig. 1. Lead PLpro inhibitors.  
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Jun9-72-2 adopts similar binding mode with PLpro as GRL0617. Shan et 
al. then focused on structure-based optimization of GRL0617 and 
introduced the superior PLpro inhibitor I with promising PLpro inhibi
tory profile (IC50 = 0.44 μM) and antiviral activity against SARS-CoV-2 
(IC50 = 0.18 μM) [31]. Moreover, I showed no significant 
cross-inhibition against another 10 deubiquitinating enzymes (DUB) or 
DUB-like proteases even at 10 μM [31]. Collectively, I is a promising 
SARS-CoV-2 PLpro inhibitor in virtue of its potency and selectivity. 
Other previously identified naphthalene-based inhibitors, namely, 
Rac3j, Rac3k, and Rac5c, also showed promising inhibitory activities 
against SARS-CoV-2 PLpro. Rac5c was the most potent among the group 
with IC50 value of 0.81 μM [32]. In the antiviral assay, Rac5c protected 
SARS-CoV-2 infected Vero cells from the cytopathic effects without 
toxicity at 11 μM, Shen et al. explored the engagement of additional 
binding sites to GRL0617 [33]. ZN-2–184, a GRL0617 derivative with 
azetidine substitution on the phenyl ring, yielded a 2-fold improved 
affinity to PLpro. ZN-3-80, a ZN-2-184 derivative with a biaryl group 
instead of the naphthyl group, showed improved metabolic stability 
compared to GRL0617. Further exploration of ZN-3-80 led to the newly 
synthesized 2-phenylthiophene derivatives, XR8-23 and XR8-24, dis
playing submicromolar potency against SARS-CoV-2 PLpro (IC50 = 0.39 
and 0.56 μM, respectively) and low micromolar potency against A549 
infected cells (EC50 = 1.4 and 1.2 μM, respectively) surpassing 
GRL0617. Furthermore, both compounds showed satisfactory bioavail
ability profiles in mouse model [33]. 

2. Design rationale 

In the current work, we set out our research protocol to explore the 
PLpro inhibitory potential of rationally designed 2,5-diaryl-1,2,4-oxa
diazoles investing the facial synthesis and easy access to this privi
leged scaffold. Accordingly, we first selected the naphthalenyl 
benzamide PLpro inhibitor GRL0617 as our lead scaffold, based on its 
superior potency relative to other identified hits, and the availability of 
the viral PLpro: GRL0617 cocrystal structure (PDB: 3E9S [34]) that will 
guide docking simulations and enrich the structural determinants of 
activity. The pharmacophoric amide backbone of GRL0617 was then 
replaced by 1,2,4-oxadiazole core being its non-classical isostere [35, 
36], while keeping the aromatic termini resembling the general theme of 
GRL0617 (Fig. 2). The substitution pattern of the installed aryl groups 
was directed as possible to mimic GRL0617 and other lead inhibitors. 

The therapeutic benefits of combination studies [18,19,37,38] 
sparked our interest to probe the target compounds’ activities against 
other important viral targets including the spike receptor binding 
domain (RBD) that links with human angiotensin-converting enzyme 2 
(hACE2) receptor allowing viral invasion [39,40]. It is worth 
mentioning that the virus–host engagement is generally dominated by 
polar contacts mediated by the key hydrophilic amino acid residues 
within the spike RBD and hACE2 [40]. Accordingly, Sarafianos et al. 
identified an oxazole-carboxamide derivative, SSAA09E2, that blocks 
the binding of the viral RBD and ACE2 with IC50 = 3.1 μM [41]. Chlo
roquine (IC50 = 1.13 μM) [42], hydroxychloroquine (IC50 = 0.72 μM) 
and the flavanone glycoside hesperidin [43,44] were also repurposed for 
SARS-CoV-2 entry blockade. This consideration directed our design 

approach to incorporate versatile polar moieties to aromatic termini of 
the target 1,2,4-oxadizole-based scaffold to allow fine tuning of dual 
possible PLpro-spike protein blockade. 

3. Results and discussion 

3.1. Chemistry 

A novel series of 3,5-disubstituted-1,2,4-oxadiazole containing 
mono- or disubstituted 4–10. These varieties of the novel 1,2,4-oxadia
zole derivatives were prepared as described in Scheme 1 via the reaction 
of the corresponding nitrile namely 2-hydroxybenzonitrile, 2-amino
benzonitrile, benzonitrile, or p-trifluoromethylbenzonitrile 1a-d, 
respectively with hydroxylamine solution in ethanol affording the cor
responding amidoxime 2a-d. Consequently, condensation of the ami
doxime 2a-d with ethyl salicylate, isonicotinate, or anthranilate 
utilizing NaOH/DMSO protocol afforded the respective 3,5-disubsti
tuted-1,2,4-oxadiazole 4–10 in excellent yields (Scheme 1). The struc
tures of all the prepared target compounds 4–10 were confirmed by 
spectral analyses, where the 1HNMR showed characteristic signals for 
the NH2 groups at chemical shift range 6.31–6.98 ppm, whereas the 13C 
NMR spectra confirmed the presence of oxadiazole carbons at 175-166 
ppm. 

Regarding compound 8, the presence of two OH groups was 
confirmed by IR and 1H NMR spectra. The IR spectra of 8 showed broad 
band at 3333 cm− 1 characteristic to OH groups. The 1H NMR spectrum 
in DMSO‑d6 solution clearly showed the characteristic signals for the OH 
protons at (δH) 10.71 and 10.16 ppm of two protons intensity indicating 
the presence of two phenolic OH groups. In 13C NMR spectrum, the 
duplicate signals of 8 might be attributed to the possible existence of 
different arrangement of hydrogen bonds (one hydrogen bond in 11 
and/or two hydrogen bond in 12) between the OH and the nitrogen 
atom of the oxadiazole ring that has pyridine-like lone pair of electron as 
illustrated in Fig. 3 [45]. Where, the carbons of the oxadiazole ring 
appeared at (δC) 174.1, 166.4 (2C), 163.7 ppm which means that com
pound 8 is present in two different forms. In 13C NMR spectrum of 
compound 9, the trifluoromethyl group carbon appeared at δC 128.6 
ppm. 

Furthermore in Scheme 2, functionalization of the novel 3,5-disubsti
tuted-1,2,4-oxadiazoles was accomplished by reflux the novel 1,2,4-oxa
diazole 4 or 10 with monosodium salt of pyridoxal-5′-phosphate (P5P), 
the active form of vitamin B6 affording the corresponding Schiff’s bases 
13 and 14, respectively. The structures of compounds 13 and 14 were 
confirmed by spectral analyses where 13CNMR of 13 showed signals at 
62.0 and 18.9 ppm correspond to CH2 and CH3, respectively. Moreover, 
the 1HNMR spectrum of 13 showed characteristic phenolic OH at δH 9.3 
ppm and acidic proton of the phosphate group at δH 13.2 ppm. The 
1HNMR of 14 showed a characteristic peak of the phenolic OH at δH 9.4 
ppm and acidic proton at δH 13.3 ppm, respectively. The two Schiff’s 
bases appeared in the (E) form. 

The preparation of the target disubstituted 1,2,4-oxadiazoles 15-19 
were accomplished by the transformation of both OH and NH2 of com
pound 4 to other versatile function groups by treating 4 with different 
reagents as described in Scheme 3, where acylation of 4 via refluxing in 

Fig. 2. Design rationale of the target oxadiazoles.  
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acetic anhydride afforded the peracetylated derivative 15. Its 1H NMR 
spectrum showed three acetyl group at (δH) 2.37 & 2.14 ppm. Further
more, diazotization of 4 utilizing sodium nitrite/AcOH protocol fol
lowed by treatment of the formed diazonium salt with sodium azide 
afforded the corresponding aromatic azido derivative 16. The IR of 16 
showed characteristic band at 2131, and 2096 cm− 1 revealing to the 
azido group. Its 1H NMR lacked the NH2 signal at (δH) 6.32 ppm. 
Alternatively, formylation of 4 with formic acid under reflux for 2 h 
afforded the corresponding N-formyl derivative 17 in 85% yield. The IR 
spectrum of 17 showed absorption band at 1710 cm− 1 for the amide 
carbonyl group. The 1H NMR spectrum in DMSO‑d6 solution showed the 
characteristic signal for the OH proton at (δH) 10.72 ppm of one proton 
intensity and the signal for the HCON proton at (δH) 10.17 ppm. The 1H 
NMR showed also showed a characteristic signal at (δH) 8.47 ppm for 
CHO. On the other hand, alkylation via nucleophilic substitution reac
tion of 4 using ethyl bromoacetate utilizing K2CO3 anhydrous as catalyst 
in DMF under reflux for 24 h afforded the unexpected polycyclic product 
18 rather than the expected diester product 20. It’s IR spectrum showed 
a characteristic absorption band at 1768 cm− 1 for the ester carbonyl 
group and amidic carbonyl absorption was assigned at 1650 cm− 1. The 
1H NMR spectrum of 18 showed a signal at (δH) 5.71 ppm due to CH2, 
doublet of doublet at (δH) 4.16 and 3.85 ppm due to CH2 and singlet at 

(δH) 1.2 ppm due to CH3 protons. The IR and 1H NMR spectra of the 
unexpected polycyclic compound 18 confirmed the success of the 
intramolecular cyclization reaction by the disappearance of the signals 
corresponding to OH and NH2 protons and the appearance of the signals 
at (δH) 5.71, 3.9 and 1.2 ppm assigned to the methylene and ethyl 
groups. Furthermore, the saponification of 18 utilizing sodium hy
droxide afforded the corresponding free acid 19, where the IR spectrum 
showed characteristic absorption band at 1788 cm− 1 for carbonyl group 
besides the amidic carbonyl absorption at 1688 cm− 1. The 1H NMR 
spectrum of 19 showed signals at (δH) 4.94 and 4.09 ppm assigned to the 
methylene groups, and a broad singlet band at (δH) 13.03 ppm due to 
OH, at which the disappearance of ethyl group protons and the con
cealing of ethyl ester group replacing it with one proton proved our 
structure. 

3.2. Biology 

3.2.1. Cytotoxicity screening 
The cytotoxic effects of the synthesized oxadiazoles 4–19 were tested 

by determining the maximal effective concentration (EC100), repre
senting the safe dose, and the 50% cytotoxic concentration (CC50) for 
each compound against normal human lung fibroblast (Wi-38) cell line 

Scheme 1. Synthesis of novel 3,5-disubstituted-1,2,4-oxadiazole 4–10.  

Fig. 3. The hydrogen bonds arrangement in compound 8.  
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and long-term cultivated human lung cancer cell line (LT-A549) after 72 
h incubation (Table 1). The latter cell line was utilized as a model for 
alveolar epithelial type II (ATII) which is the main target cell of SARS2- 
CoV-2. LT-A549, upon its cultivation in Ham’s F12 medium for a long 
term (25 days), represents a more suitable source of functional ATII cells 
[46,47]. Interestingly, most of the studied compounds displayed EC100 
> 4 μM. 6 exhibited the highest safety profile (EC100 = 19.06 μM) 
against Wi-38, followed by 5 (EC100 = 10.36 μM), 7 (EC100 = 9.74 μM) 
and 17 (EC100 = 8.12 μM). Other derivatives were relatively less safe 
with EC100 ranging from 7.70 to 0.64 μM. On the other hand, 17 sur
passed the other derivatives regarding safety against LT-A549 with 
EC100 = 15.71 μM, followed by 7 (EC100 = 12.25 μM), 6 (EC100 = 11.68 

μM) and 5 (EC100 = 8.35 μM), whereas the remainders recorded EC100 
within 7.13 and 0.21 μM. The highest 50% cytotoxic concentrations 
against Wi-38 were recorded by 6 (CC50 = 57.17 μM), 5 (CC50 = 51.78 
μM) and 7 (CC50 = 48.69 μM). 17 (CC50 = 40.57 μM), 16 (CC50 = 38.50 
μM) and 10 (CC50 = 36.49 μM) were moderately safe, whereas other 
derivatives exhibited relatively lower CC50 values ranging from 32.36 to 
3.20 μM. Assessment of CC50 against LT-A549 revealed that 5 was the 
safest oxadiazole derivative with CC50 = 45.77 μM, followed by 17 
(CC50 = 31.43 μM), 7 (CC50 = 28.97 μM), 10 (CC50 = 28.71 μM) and 16 
(CC50 = 28.22 μM). The remainder derivatives recorded CC50 within the 
range 24.66–1.03 μM. 

3.2.2. SARS-CoV-2 papain-like proteinase (PLpro) inhibitory activities 
% Inhibition of SARS-CoV-2 PLpro was determined for all the newly 

synthesized oxadiazole derivatives 4–19 at 10 μM (Table 2) as previ
ously reported [48]. Among the evaluated derivatives, 5 recorded the 
highest % inhibition (58.6%). Compounds 17, 14, 6 and 10 were 
moderately active against PLpro with % inhibition 35.1, 22.5, 21.1 and 
20.8%, respectively. The other derivatives exhibited relatively lower 
activities. According to the SARS-CoV-2 PLpro inhibitory activities re
sults, we opted to further determine the IC50 value of the oxadiazole 
derivative 5 against PLpro. Interestingly, it demonstrated an IC50 of 
7.197 μM, which was considered promising start point for further 
optimization when compared with the reported lead GRL0617 (IC50 =

2.05 μM) [49] and related inhibitors with micromolar IC50 values [34]. 

3.2.3. Spike protein receptor binding domain (RBD) inhibitory activities 
All the studied oxadiazole derivatives 4–19 were screened for their 

potential to block the viral entry via inhibition of the activities against 
SARS-CoV-2 spike protein RBD at 10 μM (Table 3) as previously reported 
[48]. Again, 5 recorded the highest RBD % inhibition (65.6%) among all 
the evaluated derivatives, followed by 17 (44.4%), 15 (44.4%), 14 
(36.7%), 6 (31.4%), respectively. The remainders were relatively less 
active. Further evaluation of 5 demonstrated that it exhibited IC50 of 
8.673 μM, thus considered promising when compared with the reported 
reference inhibitor. 

Scheme 2. Synthesis of sodium salt of P5P Schiff’s bases of the disubstituted 
1,2,4-oxadiazole (13 and 14). 

Scheme 3. Synthesis of 3,5- disubstituted 1,2,4-oxadiazoles (15-19).  
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Table 1 
Safe concentrations (EC100, μM) and 50% cytotoxic concentration (CC50, μM) of the tested compounds after 72 h incubation with Wi-38 and LT-A549 cells.  

Compound No. Structure Wi-38 LT-A549 

EC100 (μM) CC50 (μM) EC100 (μM) CC50 (μM) 

4 6.474 ± 0.275 32.368 ± 1.374 4.114 ± 0.175 21.990 ± 0.739 

5 10.356 ± 0.245 51.781 ± 1.227 8.352 ± 0.198 45.775 ± 0.154 

6 19.059 ± 0.670 57.176 ± 2.011 11.681 ± 0.411 24.663 ± 2.920 

7 9.738 ± 0.086 48.692 ± 0.431 12.25 ± 0.108 28.975 ± 0.871 

8 5.208 ± 0.604 26.041 ± 3.020 3.360 ± 0.389 19.453 ± 0.645 

9 1.156 ± 0.111 5.782 ± 0.554 0.373 ± 0.036 2.372 ± 0.290 

10 7.299 ± 0.696 36.496 ± 3.481 5.886 ± 0.561 28.714 ± 3.642 

13 4.956 ± 0.884 3.205 ± 0.003 2.718 ± 0.485 1.031 ± 0.071 

14 2.030 ± 0.006 10.148 ± 0.031 0.655 ± 0.002 6.458 ± 0.226 

15 0.641 ± 0.001 20.401 ± 0.042 0.207 ± 0.002 20.538 ± 1.400 

16 7.701 ± 0.714 38.505 ± 3.572 6.707 ± 0.622 28.222 ± 8.871 

17 8.116 ± 0.032 40.579 ± 0.163 15.708 ± 0.063 31.434 ± 1.327 

(continued on next page) 
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3.2.4. Experimental octanol/water partition coefficient (LogP) and ligand 
efficiency metrics determination of the hit oxadiazole derivative 5 

Being an important pharmacokinetic parameter in drug discovery, 
the octanol/water partition coefficient (LogP) of the hit oxadiazole de
rivative 5 was practically determined via the capacity factor calculation 
method [50,51] employing Reverse Phase-HPLC. LogP encodes molec
ular forces controlling the drug interactions with receptors and its 
transport through membranes thus defining its bioavailability profile. 
Results (Table 4) demonstrated that logP value of the oxadiazole de
rivative 5 (LogP = 3.8) obeyed Lipinski’s parameters (LogP ≤5) [52]. 
Based on the practical LogP value, the ligand efficiency metrics of the hit 
oxadiazole derivative 5 were computed as previously reported [53–58] 
for assessing its lead- or drug-likeness. Interestingly, 5 fulfilled the 
acceptable value for LE (0.3) [53–55], scored lead-like LLE (≥3) [55,56, 
59], and the optimal LELP (− 10<LELP<10 [55]). 

3.3. Docking simulations 

The binding modes with the viral papain-like protease (PLpro) (PDB 
ID: 3E9S [34]) and spike receptor-binding domain (PDB ID: 6LZG [60]) 
were explored via docking simulations to allow more in-depth under
standing of the structural determinants of the hit oxadiazole derivative 5 
activities. 

3.3.1. Docking of the oxadiazole derivative 5 into papain-like protease 
Docking simulations were performed by employing MOE 2019.102 

[61,62]. The papain-like protease crystal structure was downloaded 
from the protein data bank complexed with a noncovalent inhibitor 
(PDB ID: 3E9S [26]), subjected to the MOE default “structure prepara
tion” module after elimination of unwanted residues. The hit oxadiazole 
derivative 5 was built in silico, energy minimized, then docked into the 
co-crystallized inhibitor binding site of the prepared viral PLpro. The 
docking protocol adopted herein was validated by restoring the exper
imental interactions following docking the reference co-crystallized in
hibitor (ΔG = − 7.57 kcal/mol) at RMSD < 2 Å. Results showed that the 
studied derivative, resided well into the inhibitor’s binding site (ΔG =
− 6.00 kcal/mol). Interestingly, among the best binding poses, our hit 
compound was able to share some essential interactions with the 
co-crystallized PLpro inhibitor. As illustrated (Fig. 4), the oxadiazole 
ring of 5 exhibited π-π interactions with Tyr265, whereas the 3-phenyl 
substituent of the oxadiazole ring was buried into the ligand binding 
site displaying H-π interactions with Gln270. 

3.3.2. Docking of the oxadiazole derivative 5 into the spike protein receptor 
binding domain 

The coordinates of SARS-CoV-2 spike (S) protein C-terminal domain 
(SARS-CoV-2-CTD), containing the receptor binding domain, complexed 
with the human ACE2 (hACE2) were retrieved from the protein data 

bank (PDB ID: 6LZG [60]. Unwanted residues were deleted and the 
complex was subjected to the default “Structure preparation” module 
settings. The ‘Site Finder’ feature of MOE 2019 was then employed as 
previously reported [63,64] in search for the receptor site in the 
SARS-CoV-2-CTD binding interface [40,60]. The studied compound 5 
was prepared via energy minimization and geometry optimization, then 
docked into the SARS-CoV-2-CTD binding interface. The lowest binding 
energy conformers with RMSD <2 Å were inspected compared to hes
peridin as a reference being a known viral entry blocker that can lie on 
the middle shallow pit of the receptor-binding domain (RBD) of spike 
protein in the interface between spike protein and hACE2 [43]. Docking 
results revealed that the hit oxadiazole 5 could accommodate into the 
SARS-CoV-2-CTD binding interface with acceptable free binding energy 
(ΔG = − 5.83 kcal/mol) compared to the reference spike RBD inhibitor 
hesperidin (ΔG = − 8.54 kcal/mol). The best selected binding pose 
(Fig. 5) showed that our hit compound shared reference-like interactions 
with some of the key residues involved in the viral RBD-hACE2 complex 
formation. Therefore, the studied compound may destabilize or even 
prevent the virus–receptor engagement that is generally dominated by 
polar contacts mediated by these key hydrophilic amino acid residues 
[40]. As illustrated (Fig. 5), the oxadiazole core of 5 accepted two 
H-bonds from the viral RBD Gln493 and Gly496, as well as Lys353 on 
the hACE2 side. The latter residue also displayed additional cation-π 
interaction with the heterocyclic core. With that the amino group of the 
anilino moiety was oriented in the vicinity of the hACE2 His34 residue. 

3.4. Structure-activity relationship 

The preliminary cytotoxicity screening activity pattern revealed that 
the studied oxadiazole scaffold (Fig. 2) tolerated different polar groups 
and conserved their intrinsic safety profiles on normal cells based on 
previous reports demonstrating their efficient antioxidant activities via 
different mechanisms [65]. The safety profile of the scaffold was found 
to be a function of the 2, and 5 positions substitution pattern. The 
oxadiazol-5-yl aniline derivative 6 with 3-phenyl substituted oxadiazole 
core displayed the highest safety profile against Wi-38 cells. On the 
other hand, switching the substitution pattern of 6 led to the positional 
isomer 10 with nearly one-fold decrease in the safety potential. Further 
substitution of the oxadiazol-3-yl aniline with pyridin-4-yl (compound 
5), or aniline (compound 7) moieties at position 5 of the heterocyclic 
core allowed supplemental increase in the safety profile. Inserion of 
phenolic hydroxyl group to the 5-phenyl group of 10 led to slight 
decrease in the safety of the scaffold. However, further derivatization of 
amino groups of 10 and it’s phenolic analogue 4 to the corresponding 
Schiff’s bases 14 and 13, respectively, utilizing mono sodium salt of 
pyridoxal 5-phosphate led to considerable loss of the compounds’ safety 
relative to their precursors. Formylation of the amino group of 4 
(compound 17) enhanced its the safety profile, whereas its acetylation 

Table 1 (continued ) 

Compound No. Structure Wi-38 LT-A549 

EC100 (μM) CC50 (μM) EC100 (μM) CC50 (μM) 

18 6.313 ± 0.353 31.564 ± 1.765 7.127 ± 0.398 14.236 ± 0.524 

19 5.727 ± 0.751 23.777 ± 1.102 3.695 ± 0.485 19.629 ± 0.037 

All values are expressed as mean ± SEM. 
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was detrimental to the scaffold’s safety profile. Surprisingly, alkylation 
of 4 and cyclization to the free ester 18 or its carboxylic acid analogue 
19 didn’t considerably affect its safety. The 2,2’-(1,2,4-oxadiazole-3, 
5-diyl) diphenol was relatively of moderate safety, whereas the phenolic 
oxadiazolyl derivative bearing trifluoromethylphenyl substituent 9 
didn’t show acceptable safety. Considering the safety profile against 
LT-A549, the highest EC100 was recorded for N-[2-(5-(2-hydrox
yphenyl)-1,2,4-oxadiazol-3-yl) phenyl] formamide (17), followed by the 
dianiline derivative 7, the oxadiazol-5-yl aniline derivative 6, and the 
oxadiazol-3-yl aniline bearing pyridin-4-yl (compound 5). Other de
rivatives exhibited low safety profiles except for the 2-(3-phenyl 
oxadiazol-5-yl) aniline 10, and the cyclic ester 18 which were consid
ered moderately safe. Further mechanistic anti-corona activities 
revealed that highest potency against SARS-CoV-2 PLpro was achieved 
by substitution of the oxadiazol-3-yl aniline with pyridin-4-yl moiety at 
position 5 of the heterocyclic core (compound 5), followed by the 
formamide derivative 17, the Schiff’s base 14 and its oxadiazol-3-yl 
aniline precursor 10. Switching the substitution pattern of 10 
conferred comparable inhibitory activities as observed by its positional 
isomer 6. Other diversification strategies didn’t afford acceptable po
tencies. As for studying the possible viral entry blockade potential of the 
investigated oxadiazoles, again the 2-[5-(pyridin-4-yl)-1,2,4-oxadia
zol-3-yl]aniline (5) was the most potent spike protein RBD inhbitor 
among the series. Accordingly, the best balanced dual inhibitory profiles 
against SARS-CoV-2 PLpro and spike protein RBD was achieved by 
substitution of the oxadiazole core with aniline and pyridin-4-yl moi
eties at positions 3 and 5, respectively (compound 5). Substitution of the 
pyridinyl moiety in compound 5 by phenyl (compound 10), o-amino
phenyl (compound 7) or o-hyroxyphenyl group (compound 4) decreased 
the RBD inhibitory activity by 2.5–3 folds. Switching the heterocyclic 
core substitution pattern in compound 10 affording its postional isomer; 
2-(3-Phenyl-1,2,4-oxadiazol-5-yl) aniline 6 slightly enhanced the RBD 
inhbitiory activity of the scaffold. Transformation of free amine de
rivatives 4 and 10 to the correponding Schiff’s bases 13 and 14 also 
allowed supplemental increase in the RBD inhibitory potential. Morever, 
formylation of the free amine derivative 4 and full acetylation afforded 
the equipotent formamide and acetylated derivatives and enhanced the 
precursor 4 potency by more than 2 folds. On the other hand, the 
cyclized ester 18 and acid 19 were less active than 4 by nearly 1.2 and 
1.8 folds, respectively. 3,5-Disubstitution of the heterocyclic core with 
two o-hyroxyphenyl groups (compound 8), p-trifluoromethylphenyl and 
o-aminophenyl groups (compound 9) or o-azidophenyl and o-hyrox
yphenyl groups (compound 16) was detrimental to RBD inhibitory 
potential. 

4. Conclusion 

A series of 2,5-diaryl-1,2,4-oxadiazoles were synthesized and 

Table 2 
Inhibitory activities of the oxadiazole derivatives 4–19 against SARS-CoV-2 
Papain-like proteinase (PL pro).  

Compound 
No. 

Structure % Inhibition of PL 
pro at 10 μM 

IC50 (μM) 

4 13.6 ± 1.767 – 

5 58.6 ± 4.030 7.197 

6 21.1 ± 2.616 – 

7 16.2 ± 1.272 – 

8 11.7 ± 1.060 – 

9 5.0 ± 0.424 – 

10 20.8 ± 2.121 – 

13 13.9 ± 1.131 – 

14 22.5 ± 0.565 – 

15 17.1 ± 0.282 – 

16 1.1 ± 0.282 – 

17 35.1 ± 4.596 –  

Table 2 (continued ) 

Compound 
No. 

Structure % Inhibition of PL 
pro at 10 μM 

IC50 (μM) 

18 18.1 ± 2.404 – 

19 5.9 ± 0.353 – 

GRL 0617 – – 2.05 ±
0.12 [49] 

All values are expressed as mean ± SEM. 
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evaluated for their inhibitory potential against SARS-CoV-2 PLpro and 
spike protein RBD. The design strategy utilized benzamide PLpro in
hibitor GRL0617 as a lead compound while replacing its amide back
bone by the non-classical isostere 1,2,4-oxadiazole. The substitution 
pattern at the 2 and 5 positions of the heterocyclic core was rationalized 
to tune the scaffold’s potency against the specified viral targets. The 2- 
[5-(pyridin-4-yl)-1,2,4-oxadiazol-3-yl] aniline (5) was the most potent 
and balanced dual inhibitor of SARS-CoV-2 PLpro (IC50=7.197 μM) and 
spike protein RBD (IC50 = 8.673 μM). It displayed the most promising 
safety profile, among the series, on both Wi-38 (CC50 = 51.78 μM) and 
LT-A549 (CC50 = 45.77 μM) lung cell lines. The compound obeyed the 
Lipinski’s LogP parameter practically (LogP = 3.8) and demonstrated 
acceptable ligand efficiency metrics. Docking simulations declared the 
possible contribution of the oxadiazole core to the scaffold’s interaction 
with the receptor key amino acid residues and enriched the SAR data for 
further optimization studies. It is worth mentioning that the 2-[5-(pyri
din-4-yl)-1,2,4-oxadiazol-3-yl] aniline (5) represents a good starting 
point for further optimization studies. The preliminary viral entry 
blockade studies should be followed by the resolved cryoEM structure of 
the promising oxadiazole complexed with RBD in future studies for 
justification of the mechanism together with enriching the structural 
basis of inhibition to aid further optimization studies. 

5. Experimental 

5.1. Chemistry 

5.1.1. Materials and equipment 
The materials and equipment were reported in the supplementary 

data. 

5.1.2. General method for synthesis amidoximes (2a-d) 
A mixture of hydroxylamine hydrochloride (0.015 mol), and sodium 

bicarbonate (0.015 mol) in absolute EtOH (50.0 ml), were refluxed with 
stirring for 15 min, then the aromatic nitrile (0.016 mol) namely o- 
hydroxybenzonitrile, o-aminobenzonitrile, benzonitrile, or p-tri
fluoromethyl benzonitrile 1a-d respectively, was added to the mixture 
and kept stirring with refluxing for 8 h. The resulting mixture was 
filtered, then evaporated under reduced pressure to afford the corre
sponding amidoxime 2a-d that was used directly without purification. 

5.1.3. 2 (3-(2-aminophenyl)-1,2,4-oxadiazol-5-yl) phenol (4) 
A mixture of 2b (4.0 gm, 0.0169 mol), ethyl salicylate 3a (4 gm, 

0.024 mol) and NaOH (1.6 gm, 0.04 mol) in DMSO (20.0 ml) were 
stirred for 24 h. The reaction mixture was poured on cold water (0.5 L) 
with stirring then the mixture was acidified with HCl (2 M). The formed 
precipitate was filtered, to give 4 as off-white powder (4.6 gm, yield 
85%); Rf = 0.6 (EtOAc: n-hexane, 1:1); m.p = 179–181 ◦C, IR: νmax/ 

Table 3 
Inhibitory activities of the oxadiazole derivatives 4–19 against SARS-CoV-2 
spike receptor binding domain (RBD).  

Compound 
No. 

Structure % Inhibition of spike 
RBD at 10 μM 

IC50 

(μM) 

4 18.1 ± 9.820 – 

5 65.6 ± 6.285 8.673 

6 31.4 ± 5.106 – 

7 26.1 ± 5.499 – 

8 − 50.6 ± 14.927 – 

9 − 98.1 ± 18.463 – 

10 23.3 ± 9.428 – 

13 26.1 ± 5.499 – 

14 36.7 ± 4.714 – 

15 44.4 ± 7.856 – 

16 − 1617.5 ± 116.672 – 

17 44.3 ± 7.70 –  

Table 3 (continued ) 

Compound 
No. 

Structure % Inhibition of spike 
RBD at 10 μM 

IC50 

(μM) 

18 15.6 ± 6.285 – 

19 10.6 ± 0.777 – 

All values are expressed as mean ± SEM. 
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cm− 1 3400 (OH), 3197, 3073 (NH2); 1H NMR (500 MHz, DMSO‑d6) δH: 
10.60 (s, 1H, OH), 7.98 (d, J = 8Hz, 1H, Ar-H), 7.94 (d, J = 6.5Hz, 1H, 
Ar-H), 7.49 (t, J = 6.5 Hz, 1H, Ar-H), 7.21 (t, J = 8.0 Hz,1H, Ar -H), 7.10 
(d, J = 8.0 Hz, 1H, Ar -H), 7.01 (t, J = 8.0 Hz, 2H, Ar-H) 6.85 (d, J = 8.0 

Hz, 1H, Ar -H), 6.66 (t, J = 8.0 Hz, 1H, Ar -H), 6.32 (s, 2H, NH2); 13C 
NMR (125 MHz, DMSO‑d6) δC: 173.0, 167.4, 157.3, 147.7, 134.8, 132.1, 
130.2, 129.5, 119.8, 117.4, 116.0, 115.6, 109.7, 107.3. 

Table 4 
Experimental octanol/water partition coefficient (LogP) and Ligand efficiency metrics of the hit oxadiazole derivative 5.  

Compound No. LogPa NHAb RBD PLpro 

IC50 pIC50
c LEd LLEe LELPf IC50 pIC50 LE LLE LELP 

5 3.8 18 8.673 5.061 0.385 1.261 9.870 7.197 5.142 0.391 1.342 9.718  

a LogP: logarithm of compound’s partition coefficient between n-octanol and water. 
b NHA = non-hydrogen atom. 
c pIC50: half-maximal inhibitory concentration (in term of molar concentration). pIC50 = -log (IC50). 
d LE: ligand efficiency. LE = 1.37 (pIC50)/NHA. The lower acceptable limit of LE is 0.3 [53–55]. 
e LLE: lipophilic ligand efficiency. LLE = pIC50–LogP. LLE values ≥ 3 are acceptable for lead compound, while values ≥ 5 are recommended for drug-like candidate 

[55,56,59]. 
f LELP: ligand efficiency-dependent lipophilicity index = LogP/LE. Optimal values are − 10<LELP<10. 

Fig. 4. A) 2D interactions, and B) 3D binding mode of the lowest energy conformer of the oxadiazole derivative 5 (green sticks) with PLpro (PDB ID: 3E9S [26]), C) 
2D binding mode, and D) Superposition of the modeled (magenta sticks) and the co-crystallized inhibitor (green sticks), in its binding site. 
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5.1.4. 2-[5-(Pyridin-4-yl)-1,2,4-oxadiazol-3-yl]aniline (5) 
A mixture of 2b (100 mg, 0.66 mmol), ethyl isonicotinate 3d (150 

mg, 0.99 mmol) and NaOH (52 mg, 1.32 mmol) in DMSO (5.0 ml), was 
stirred for 24 h. The reaction mixture was poured onto cold water (30 
ml). The formed solid product was filtered then dried to give 5 as 
yellowish white powder (137.7 mg, yield 80%); Rf = 0.13 (DCM: n- 
hexane, 1:1); m.p = 172–174 ◦C; IR: νmax/cm− 1 3368,3266 (NH2); 1H 
NMR (500 MHz, DMSO‑d6) δH: 8.90 (s, 2H,Ar-H), 8.12 (d, J = 5.0 Hz, 
2H, Ar -H), 7.98 (d, J = 8.0 Hz, 1H, Ar-H), 7.26 (t, J = 7.5 Hz, 1H, Ar-H), 
6.90 (d, J = 8.0 Hz,1H, Ar -H), 6.71 (t, J = 8.0, 1H, Ar -H), 6.37 (s, 2H, 
NH2); 13C NMR (125 MHz, DMSO‑d6) δC: 173.5, 168.4, 147.7, 133.4, 
132.2, 129.6, 129.4, 128.1, 123.3, 116.0, 115.6, 107.3. 

5.1.5. 2-(3-Phenyl-1,2,4-oxadiazol-5- yl) aniline (6) 
A mixture of amido oxime 2c (100 mg, 0.73 mmol), ethyl anthra

nilate 3b (100 mg, 0.65 mmol) and NaOH (39 mg, 0.97 mmol) in DMSO 

(5.0 ml) was stirred for 24 h. The reaction mixture was poured on cold 
water (20.0 ml). The product was filtrated off then dried to give 6 as off- 
white powder (70 mg, 77% yield); R f = 0.68 (DCM: n-hexane, 1:1); m.p 
= 94–96 ◦C; IR: νmax/cm− 1 3330, 3068 (NH2); 1H NMR (500 MHz, 
DMSO‑d6) δH: 8.10 (d, J = 7.5 Hz, 2H, Ar -H), 7.80 (d, J = 7.5Hz, 1H, Ar- 
H), 7.59–7.53 (m, 3H, Ar-H), 7.31 (t, 1H, J = 7.0 Hz, Ar -H), 6.96 (s, 2H, 
NH2), 6.91 (d, J = 8.0 Hz, 1H, Ar -H), 6.65 (t, 1H, J = 7.5Hz, Ar -H); 13C 
NMR (125 MHz, DMSO‑d6) δC: 175.2, 167.8, 149.4, 134.6, 132.2, 129.8, 
129.0, 127.8, 126.7, 117.1, 116.2, 104.0. 

5.1.6. 2,2’-(1,2,4-oxadiazole-3,5-diyl) di aniline (7) 
A mixture of compound 2b (100 mg, 0.66 mmol), ethyl anthranilate 

3b (100 mg, 0.65 mmol) and NaOH (39 mg, 0.97 mmol) in DMSO (5.0 
ml) was stirred for 24 h. The reaction mixture was poured on cold water 
(20.0 ml). The product was filtered and separated out then dried to give 
7 as off-white powder (64 mg, 88% yield); Rf = 0.46 (DCM: n-hexane, 

Fig. 5. A) 2D interactions, and B) 3D binding mode of the lowest energy conformer of the oxadiazole derivative 5 (green sticks) into the SARS-CoV-2-CTD binding 
interface (PDB ID: 6LZG [60]),C) 2D interactions, and D) 3D binding mode of the lowest energy conformer of the hesperidin (magenta sticks) into the 
SARS-CoV-2-CTD binding interface. 
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1:1); m.p = 138–140 ◦C; IR: νmax/cm− 1 3306, 3190 (NH2). 1H NMR (500 
MHz, DMSO‑d6) δH: 8.02 (d, J = 8.0 Hz, 1H, Ar -H), 7.81 (d, J = 8.0 Hz, 
1H, Ar-H), 7.31 (t, J = 7.5 Hz, 1H, Ar-H), 7.23 (t, J = 7.5 Hz, 1H, Ar -H), 
6.95–6.92 (m, 3H, Ar -H), 6.85 (d, J = 8.0 Hz,1H, Ar -H), 6.66 (q, J =
15.5, 8.0 Hz, 2H, NH2), 6.31 (s, 2H, NH2); 13C NMR (125 MHz, 
DMSO‑d6) δC: 173.2, 168.0, 149.4, 148.1, 134.6, 132.5, 130.3, 129.1, 
117.1, 116.3, 116.2, 108.0, 103.9. 

5.1.7. 2,2’-(1,2,4-oxadiazole-3,5-diyl) diphenol (8) 
A mixture of 2a (2.0 gm, 0.013 mmol),ethyl salicylate (2.0 gm, 

0.009 mmol) and NaOH (1.2 gm, 0.03 mmol) in DMSO (20.0 ml) stirred 
for 24 h. The reaction mixture was poured on cold water (50.0 ml) and 
acidified with HCl (2 M). The precipitate was filtered off then dried to 
give 8 as white powder (20 mg, 57% yield); Rf = 0.69 (DCM: n-hexane, 
1:1); m.p = 159–161 ◦C, IR: νmax/cm− 1 3333 (OH); 1H NMR (500 MHz, 
DMSO‑d6) δH: 10.71 (s, 1H, OH), 10.16 (s, 1H, OH), 7.97 (d, J = 8.0 Hz, 
1H, Ar-H), 7.86 (d, J = 8.0 Hz,1H, Ar -H), 7.51 (t, J = 8.5 Hz, 1H, Ar -H), 
7.39 (t, J = 8.0Hz,1H, Ar -H), 7.10 (d, J = 8.5Hz, 1H, Ar -H), 7.03–6.95 
(m, 3H, Ar-H). 

5.1.8. 2-[3-(4-(Trifluoromethyl) phenyl)-1,2,4-oxadiazol-5-yl] aniline (9) 
A mixture of the amido oxime 2d (100 mg, 0.48 mmol), (100 mg, 

0.65 mmol) ethyl anthranilate 3b and NaOH (39 mg, 0.97 mmol) in 
DMSO (5.0 ml) was stirred for 24 h. The reaction mixture was poured on 
cold water (20.0 ml) then filtrated and the product separated out to give 
9 as off-white powder (35 mg, 67% yield); Rf = 0.53 (DCM: n-hexane, 
1:1); m.p = 117–119 ◦C; IR: νmax/cm− 1 3330, 3199 (NH2); 1H NMR (500 
MHz, DMSO‑d6) δH: 8.32 (d, J = 8.0 Hz, 2H, Ar-H), 7.92 (d, J = 8.5 
Hz,2H, Ar-H),7 0.80 (d, J = 8.0 Hz, 1H, Ar-H), 7.31 (t, J = 7.0 Hz,1H, Ar 
-H), 6.98 (s, 2H, NH2), 6.93 (d, J = 8.5 Hz,1H, Ar -H), 6.65 (t, J = 8.0 Hz, 
1H, Ar -H); 13C NMR (125 MHz, DMSO‑d6) δC: 175.6, 166.9, 149.5, 
134.8, 132.0, 131.8, 130.6, 129.0, 128.6, 126.7, 117.2, 116.2, 103.7. 

5.1.9. 2- (3-Phenyl-1,2,4-oxadiazol-5- yl) aniline (10) 
A mixture of 2b (100 mg, 0.66 mmol), benzyl benzoate 3c (209.8 mg, 

1.0 mmol) and NaOH (52.8 mg, 1.32 mmol) in DMSO (3.0 ml) was 
stirred for 24 h. The reaction mixture was poured on cold water (30.0 
ml). The desired product was filtered off then dried to give 10 as white 
powder (130 mg, 82% yield); Rf = 0.56 (DCM: n-hexane, 1:1); m.p =
95–97 ◦C; IR: νmax/cm− 1 3462, 3368 (NH2); 1H NMR (500 MHz, 
DMSO‑d6) δH: 8.20 (d, J = 8.0 Hz, 2H, Ar -H), 7.98 (d, J = 7.5 Hz, 1H, Ar- 
H), 7.73 (t, J = 7.0 Hz, 1H, Ar-H), 7.65 (t, J = 7.5 Hz,2H, Ar -H), 7.26 (t, 
J = 8.0 Hz, 1H, Ar -H), 6.88 (d, J = 8.0 Hz,1H, Ar -H), 6.70 (t, J = 7.0Hz, 
1H, Ar -H), 6.36 (s, 2H, NH2); 13C NMR (125 MHz, DMSO‑d6) δC: 172.0, 
168.7, 151.2, 147.8, 132.4, 130.4, 129.4, 121.5 (2C), 116.1, 115.7, 
106.9. 

5.1.10. Sodium (E)-(6-hydroxy-4-(((2-(5-(2-hydroxyphenyl)-1,2,4- 
oxadiazol-3-yl) phenyl) imino) methyl)-5-methylpyridin-3-yl) methyl 
hydrogen phosphate (13) 

A solution of compound 4 (50 mg, 0.19 mmol) and monosodium salt 
of pyridoxal of 5-phosphate (71.7 mg, 0.22 mmol) in absolute ethanol 
(10.0 ml) was refluxed for 3 h, then left to cool at room temperature. The 
solid product was filtrated off then dried to give 13 as white crystals (70 
mg, yield 80%); m.p = 206–208 ◦C; IR: νmax/cm− 1 3440 (OH), 1600 
(C=N); 1HNMR (500 MHz, DMSO‑d6) δH: 13.25 (s, 1H, Acidic-OH), 9.36 
(s, 2H, 2OH), 8.06 (s, 2H, Ar-H), 7.93 (d, 1H, J = 8.0 Hz, Ar -H), 7.89 (d, 
J = 8.0 Hz,1H, Ar -H), 7.80–7.73 (m, 2H, Ar -H), 7.52–7.45 (m, 2H, Ar 
-H, 1H, N=C-H), 6.91–6.86 (m, 1H, Ar -H), 5.17 (d, J = 7.5 Hz,2H,CH2), 
2.42 (s,3H, CH3); 13CNMR (125 MHz, DMSO‑d6) δC: 171.9, 161.2, 151.6, 
135.6, 134.7, 133.9, 133.4, 132.4, 130.3, 128.7, 119.6, 119.1, 118.2, 
117.1, 115.8, 115.2, 113.1, 108.6, 93.3, 62.0, 19.0. 

5.1.11. Sodium-[6-hydroxy-5-methyl-4-((2-(5-phenyl-1,2,4-oxadiazol-3- 
yl) phenyl) imino) methyl) pyridin-3-yl] methyl hydrogen phosphate (14) 

To a solution of compound 10 (50 mg, 0.266 mmol), mono sodium 

salt of pyridoxal of 5-phosphate (71.7 mg, 0.22 mmol) in absolute 
ethanol (15.0 ml) was added. The reaction mixture was refluxed for 3 h, 
then left to cool. The solid was filtrated and dried to give 14 as off white 
powder (70 mg, yield 80%); m.p = 199–201 ◦C; IR: νmax/cm− 1 3440 
(OH), 1600 (CN); 1H NMR (500 MHz, DMSO‑d6) δH: 13.38 (s, 1H, Acidic- 
H), 9.49 (s, 1H, OH), 8.25 (d, J = 8.0Hz, 2H, Ar-H), 8.09 (d, J = 8.0 Hz, 
1H, Ar-H), 7.95 (d, J = 8.0 Hz,1H, Ar -H), 7.88 (s, 1H, Ar -H), 7.72 (t, J =
8.0Hz, 1H, Ar -H), 7.64 (t, J = 7.0 Hz,3H, Ar -H), 7.48 (t, J = 7.0 Hz, 1H, 
N=C-H), 4.87 (d, J = 5.0 Hz,2H, CH2), 2.39 (s,3H, CH3). 

5.1.12. 2-(3-(2-(N-acetylacetamido) phenyl)-1,2,4-oxadiazol-5-yl) phenyl 
acetate (15) 

A solution of compound 4 (100 mg, 0.42 mmol) in acetic anhydride 
(5.0 ml) was refluxed for 4 h. The reaction mixture was poured onto 
crushed ice. The product was filtered off and recrystallized from ethanol 
to give 15 as colorless crystals (96 mg, 84% yield); Rf = 0.13 (DCM: n- 
hexane, 1:1); m.p = 147–149 ◦C; IR: νmax/cm-11721, 1735 (Ac); 1H NMR 
(500 MHz, DMSO‑d6) δH: 8.26–8.15 (m, 2H, Ar-H), 7.79–7.65 (m, 3H, 
Ar-H),7.59–7.51 (m,2H, Ar-H), 7.43–7.39 (m, 1H, Ar-H), 2.37 (s, 3H, 
OAC), 2.14 (s, 6H,2 N-AC); 13C NMR (125 MHz, DMSO‑d6) δC: 172.4, 
172.1 (2C), 169.2, 166.4, 148.9, 138.2, 135.0, 132.8, 131.3, 130.4130.2 
(2C), 129.7, 127.2, 124.7, 124.6, 116.8, 26.7, 20.9. 

5.1.13. 2- [3- (2-Azidophenyl)-1,2,4-oxadiazol-5-yl] phenol (16) 
To a solution of compound 4 (238 mg, 1.0 mmol) in glacial acetic 

acid (10.0 ml) at 0 ◦C, a cold solution of NaNO2 (100 mg, 1.44 mmol) in 
water (1.0 ml) was gradually added followed by a solution of NaN3 (100 
mg, 1.53 mmol) in water (1.0 ml). The mixture was kept at 0–5 ◦C with 
stirring for 3 h. The formed precipitate was filtered off and dried to give 
15 as a white powder (186 mg, 79% yield); Rf = 0.67 (DCM: n-hexane, 
1:1); m.p = 103–105 ◦C, IR: νmax/cm− 1 3400 (OH), 2131, 2096 (N3); 1H 
NMR (500 MHz, DMSO‑d6) δH: 10.65 (s, 1H, OH), 7.97 (t, J = 8.0 Hz, 
2H, Ar-H), 8.02–7.95 (m, 1H, Ar -H), 7.96–7.66 (m, 2H, Ar -H), 7.39 (t, J 
= 8.0Hz,1H, Ar -H), 7.12 (d, J = 8.0Hz, 1H, Ar -H), 7.04 (t, J = 8.0 Hz, 
1H, Ar-H); 13C NMR (125 MHz, DMSO‑d6) δC: 174.3, 165.4, 157.2, 
138.3, 134.8, 132.6, 131.2, 130.1, 125.3, 120.4, 119.8, 117.8, 117.4, 
109.7. 

5.1.14. N-[2-(5-(2-hydroxyphenyl)-1,2,4-oxadiazol-3-yl) phenyl] 
formamide (17) 

A mixture of 4 (100 mg, 0.42 mmol) in formic acid (3.0 ml, 95%) was 
heated near the boiling point for 2 h, then cooled to room temperature. 
The formed product was filtered and recrystallized from ethanol to give 
17 as colorless crystals (130 mg, 85% yield); Rf = 0.30 (DCM: n-hexane, 
1:1); m.p = 153–155 ◦C; IR: νmax/cm− 1 3414 (OH), 3313 (NH),1710 
(CHO); 1H NMR (500 MHz, DMSO‑d6) δH: 10.72 (s, 1H, OH), 10.17 (s, 
1H, NH), 8.47 (s, 1H, HC=O), 8.34 (d, J = 8.0 Hz, 1H, Ar -H), 8.05 (d, J 
= 8.0 Hz, 2H, Ar -H), 7.60–7.53 (m, 2H, Ar-H), 7.33 (t, J = 8.0Hz,1H, Ar 
-H), 7.12 (d, J = 8.0Hz, 1H, Ar -H), 7.05 (t, J = 8.0 Hz, 1H,Ar-H); 13C 
NMR (125 MHz, DMSO‑d6) δC: 174.5, 166.3160.7, 157.4, 136.3, 135.0, 
132.0, 130.5, 129.8, 124.5, 122.4, 119.8, 117.5, 115.8, 109.7. 

5.1.15. Ethyl (Z)-2-(7-oxo-6,7-dihydro-8H-13,16-(azeno)dibenzo[d,j] 
[1,9]dioxa[2,6]diazacyclododecin-8-yl)acetate (18) 

A mixture of compound 4 (100 mg, 0.395 mmol), ethyl bromoacetate 
(100 mg, 0.598 mmol) and potassium carbonate (100 mg, 0.724 mmol) 
in DMF (20.0 ml) was refluxed for 24 h. The reaction mixture was 
poured on cold water (20.0 ml) stirred then separated out to give 18 as 
yellow powder (25 mg, yield 61%); Rf = 0.28 (DCM: n-hexane, 1:1); m.p 
= 169–171 ◦C, IR: νmax/cm− 1 1768 (C=O), 1650 (OCN); 1H NMR (500 
MHz, DMSO‑d6) δH: 8.27–6.81 (m, 8H, Ar -H), 5.71 (s, 2H, CH2), 
4.16–3.85 (dd, J = 8.0 Hz, 4H, CH2), 1.2 (s, 3H, CH3); 13C NMR (125 
MHz, DMSO‑d6) δC: 196.0, 175.0, 174.6, 174.5, 142.0, 141.6, 141.5, 
138.0, 137.6, 137.4, 133.3, 132.3, 130.1, 129.4, 129.1, 129.0, 56.2, 
52.9, 45.0, 19.3. 
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5.1.16. (Z)-2-(7-oxo-6,7-dihydro-8H-13,16-(azeno)dibenzo[d,j][1,9] 
dioxa[2,6]diazacyclododecin-8-yl)acetic acid (19) 

A mixture of compound 18 (100 mg, 0.26 mmol), and NaOH (100 
mg, 2.5 mmol) in a mixture of dioxane/water (10 ml. 1:1) was refluxed 
for 3 h, then cooled and acidified to pH = 2 using conc. HCl. The formed 
product was filtered, then purified by flash column chromatography to 
give 19 as yellowish powder (33 mg, 63% yield); Rf = 0.06 (DCM: n- 
hexane, 1:1); m.p = 190–192 ◦C; IR: νmax/cm− 1 3453(OH), 1788(C=O), 
1688 (O=CN). 1H NMR (500 MHz, DMSO‑d6) δH: 13.03 (bs, 1H, OH), 
8.07 (dd, J = 8.0 Hz, 2H, Ar-H),7.62 (t, J = 7.5 Hz, 1H, Ar-H), 7.36 (t, J 
= 7.5 Hz, 1H, Ar-H), 7.23–7.17 (m, 2H, Ar -H), 6.76 (t, J = 7.5 Hz,1H, Ar 
-H), 6.71 (d, J = 8.0 Hz, 1H, Ar -H), 4.94 (s, 2H, CH2),4.06 (s, 2H, 
CH2);13C NMR (125 MHz, DMSO‑d6) δC: 173.7, 172.4, 170.3, 168.0, 
157.4, 146.6, 135.2, 133.1, 132.0, 130.2, 121.9, 116.4, 114.3, 113.0, 
112.1, 109.0, 65.6, 45.3. 

5.2. Biology 

5.2.1. Cytotoxicity screening of the tested compounds against lung cell lines 
Normal human lung fibroblast (Wi-38) and long-term cultivated 

human lung cancer (LT-A549) cell lines were used to detect cytotoxicity 
of the studied compounds. The latter cell line was utilized as model for 
alveolar epithelial type II (ATII) which is the main target cell of SARS2- 
CoV-2. LT-A549, upon its cultivation in Ham’s F12 medium for a long 
term (25 days), represents a more suitable source of functional ATII cells 
[66]. MTT assay was performed as previously mentioned [67] and 
detailed in the supplementary data. 

5.2.2. Papain-like proteinase (PLpro) inhibition assay 
Papain-like proteinase (PLpro) 40 μl volume of 142 nM PLpro in 

bufer A [50 mM HEPES, pH 7.5; 0.1 mg/ml bovine serum albumin 
(BSA), and 5 mM Dithiothreitol (DTT)] was dispensed in 96 well plat 
and then incubated with 100 μl of different concentrations of the tested 
compounds for 5 min. Reactions were initiated by the addition of a 
fluorogenic substrate, Arg-Leu-Arg-Gly-Gly-AMC (Enzo Biochem, USA) 
(RLRGGAMC, 10 μl of 250 μM) in buffer A, shaken vigorously for 30 s, 
and then incubated for 6 min. The reactions were subsequently 
quenched with 10 μl acetic acid (0.5 M), shaken for 30 s, and measured 
for fluorescence emission intensity (excitation λ: 360 nm; emission λ: 
460 nm). Finally, percentage of inhibition (%) was detected. 

5.2.3. Spike protein receptor binding domain (RBD) inhibition assay 
Firstly SARS-CoV-2, RBD (1 μg/ml) was incubated with the tested 

compounds at 37 ◦C for 2 h then in these proteins was added in well 
plate overnight at 4 ◦C and blocked with 2% fat-free milk in PBST for 2 h 
at 37 ◦C. 100 μl of sACE2protein was added to the plates and incubated 
for 2 h at 37 ◦C. After four washes, the bound protein was detected using 
hACE2-specific goat antibody (0.5 μg/ml, R&D system) for 2 h at 37 ◦C, 
followed by incubation with HRP conjugated anti-goat IgG antibody 
(1:5,000, Thermo Fisher Scientific) for 1 h at 37 ◦C. The reaction was 
visualized by addition of substrate 3,3′,5,5′-Tetramethylbenzidine 
(TMB) (Sigma, St. Louis, MO) and stopped by H2SO4 (1 N). The 
absorbance at 450 nm (A450) was measured by an ELISA plate reader 
(Tecan, San Jose, CA) [68,69]. 

5.2.4. Octanol/water partition coefficient (LogP) determination 
The octanol/water partition coefficient (LogP) was experimentally 

determined according to the capacity factor calculation method 
employing RP-HPLC [50,51,70] and detailed in the supplementary data. 

5.3. Docking simulations 

Docking was conducted employing Molecular Operating Environ
ment (MOE) software package version MOE 2019.102, Chemical 
Computing Group, Montreal, Canada as detailed in the supplementary 
data. 

5.4. Data analysis and statistics 

Statistical analysis is described in the supplementary data. 
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